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ABSTRACT:,  An  exploratory  experimental  program  has  been  com 
pleted  to  determine  in  a rough  though  quantitative  way  the 
nature  of  the  multiple  charge  effect  on  air  blast . 


It  does  not  appear  that  a blast  pulse  of  long  duration,  with- 
out multiple  peaks,  can  be  made  by  using  multiple  charges  of 
high  explosives.  When  multiple  charges  were  fired  in  air, 
the  positive  duration  of  the  combined  shock  wave  in  the  range 
measured,,  was  never  appreciably  larger  than  the  positive. dur- 
ation of  the  individual  shock  wave  having  the  longest  duration . 

The  duration  of  the  individual  shock  was  taken  as  the  value  it 
would  have  in  undisturbed  air;  i-n  fact,  the  positive  duration 
from  multiple  charges  was  even  less  than  for  a single  charge 
in  a great  many  of  the  experimental  conditions  probably  because 
the  negative  phase  from  one  charge  cut  off  the  positive  phase 
of  the  other.  " Li 

The  fact  that  the  positive  duration  was  not  increased  was,  pre- 
viously noted  in  the  far  Mach  region  where;  the  shocks  from,  a 
charge  and  Its  image  were  combined. 
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The  question  of  how  the  pressures  of  several  shock  waves  .1 
in  air  combine  and  the  question  of  pressure  enhancement.  1 
has  not  been  answered  completely  but  light  has  been  shed  -1 
on  some  of  the  important  parameters  affecting  the  problem.  I 
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overtakes  another.,  the  wave  which  overtakes  the  leading 
wave  is  attenuated  by  anywhere  from  0 to  76  per  cent.  This 
attenuation  is  greater  for  weak  shocks,  2-4  pet,  than  for 
strong  shocks,  30*50  psi;  furthermore the  further  the  trail- 
ing, shock  progresses  toward  the  front  of  the  leading  shock 
the  greater  is  the  attenuation  of  the  trailing  one 


Pressure  enhancement  over  a unit  charge  was  not  achieved 
at  iany  time  after  the  shock  Waves,  combined  nor  was  there 
any  indication  that  pressure  enhancement  was  possible  * No 
increase  in  positive  impulse  has  been  found  in' these  ex- 
periments oyer  What  would  be  obtained  by  a si  .naU  ChSI"'? 
iocated  at  the  nearer  distance.  v 
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The  work  described:  In  this  paper  has  been  done,  first 
to  find  out  if  the  blast  wave  may  be  enhanced  as  a 
resuit  of  using  multiple  charges  instead  of  a single 
charge  with  the  same  total  weight,  second  to  provide 
some  basic  experimental  data  that  may  be  useful  in 
studying  the  interaction  of  shock  waves,  and  third, 
to  find  out  if  multiple  shock  phenomena  could  he  used 
in  some  way  td  produce  a long  duration  shocks  This: 
work  was  done  under  Project  NOL  Re2c-2^i. 


EDWARD  L.  WOOBYARD 
Captain,  USN 
Commander 

PAUL  M.  FYE  ' 

By  direction 
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EXPERIMENTAL  INVESTIGATION  OP  THE  INTERACTION  OP 
OVERTAKING  SHOCK  WAVES  IN  AIR 


INTRODUCTION 


I.  in  an  explosion  a large  quantity  of  heat  and  light  Is 
liberated,  gases  are  produced  at  a high  temperature  and 
pressure,,  and  a pressure  wave  known  as  a shock  wave  is 
sent  out  into  the  surrounding  medium  from  the  center  of 
the  detonation.  The  reason  for  the  development  of  the 
shock  wave  which  is  essentially  a discontinuity  of  pressure; 
and  particle  velocity,  can  be  readily  seen  by  considering 
the  detonation  product  gases  as  a spherical  piston  pushing 
outward  the  surrounding  medium  with  a velocity  u,  the  vel- 
ocity of  the  sphericaiT’gas  piston,  and  at  any  time  the 
disturbance  Is  communicated  to  the  surrounding  air  with  a 
velocity  of  sound  c relative  to  the  air,  and  a velocity 
relative  to  the  ground  of  c + u.  now  as  time  increases  the 
piston  continues  to  expand  rapidly  Increasing  the  temper- 
ature and  density  of  the  air  Immediately  surrounding  the 
piston  which  increase  the  local  sound  velocity  resulting 
in  ah  increase  In  the  speed  of  propagation  of  the  disturb- 
ance. Thus, -as  the  detonation  product  gases  expand  the 
local  speed  of  sound  increases,  Increasing  the  speed  of 
propagation  of  the  disturbance  into  the  surrounding  medium. 
This  process  results  in  a pressure  front  building  up  and 
becoming  steeper  as  the  later  and  faster  disturbances  travel- 
ing through  the  heated  air  catch  up  to  the  earlier  and  slower 

f Thv.  f ka  sr .e — 

the  medium . At  this  time  the  shock  front  is  formed . 


2.  .In  addition  to  a pressure  discontinuity*  a shock  front 
is  accompanied  by  an  elevated  temperature  and  by  motion 

a.ln  r\  ah - f aV%<^A  If- 
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are  related  to  the  shock  pressure.  The  equations  governing 
the  various  parameters  at  the  shock  front  were  formulated 
of  Rankine  and  Hugoniot  by  the  application  of  the  laws  of 
conservation  of  mass,  momentum  and  energy  across  the  shock 
front,.  ' -• 


3»  The  pressure  in  the  shock  wave  Is  a function  of  the 
distance  from  the  charge  and,,  at  a fixed  distance,  is  a 
function  of  time.  At  fixed  distances  from  the  explosion 
the  pressure  In  the  shock  front  rises  to  Its  peak  value  in 
a time  which  is  effectively  Instantaneous,  decays  gradually 
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with  time  until  it  reaches  a minimum  (which  is  "below  at- 
mospheric pressure),  and  then  returns  slowly  to  preshock 
atmospheric  pressure.  This  decay  of  pressure  with  time 
is  interrupted  by  a secor-darsp  shock  occurring  normally 
when  the  pressure  has  decayed  nearly  to  atmospheric  pressure 


4 The  maximum  value  of  the  pressure  in  the  shock  wave 
in  ekdesft  :@f'~ataosph«ric  pressure  is  called  the  peak 
pressure  (P8)  and  the  time  required  to  decay  to  atmospheric 

pressure  will  he  termed  the  positive  duration,,  , Positive 
duration  is-  -measured  by  extrapoiatihg  the  pressure -^time 
Curve  to  0 pressure  as  if  the  secondary  shock  were  not 
there*  Referring  to  fig*  2 which  shows  a number  of  sample 
records,  the  area  bounded  by  the  positive  part  of  the 
pressure  curve  and  the  axis  of  atmospheric  pressure, 

p;(t)dt,  is  called  the-  positive  impulse.  The  inter- 
action of  overtaking  shocks  will  be  discussed  in  terms 
of  the  three  above-mentioned  parameters,  peak  pressure:, 

P8.,  positive  duration,^,  and  positive  impulse,  I, 


5.  investigations  in  the  field  of  overtaking  shocks  have 
to  the  best  of  this  author’s  knowledge,  npt  beeri  made  to 
date,  probably  because  Of  the  difficulty  of  analyzing  the 
non-linear  behavior  of  the  resultant  interaction*  Never-  • 
th®i®is,  there  has  been  much  speculation  on  this  subject. 

It  is  hoped  that  this  paper  will  help  provide  some  funda- 
mental experimental  data  to  be  used,  as  a basis  f Or  further 
study. 

6..  The  specific  question  this  work  will  answer  is  if  two 
shock  waves  coming  from  separate  sources  are  arranged  in 
sOrae  way  to  be  superimposed,  how  will  the  parameters  Of 
peak  pressure,  positive  duration  and  positive  Impulse  be 
affected  5 — In  othcr  words,  how  dcshoek  waves  add  up  and 
what  parameters  affect  this  process. 

7.  As  discussed,  disturbances  are  propagated  faster  r«l?» . 
atlv®  to  the  ground  in  a medium  having  a high  le>eal  speed 
of  sOund,  that  is  in  a medium  of  high  temperature  and 
pressure,  than  they  would  in  a medium  of  a lower  local 
speed  of  sound.  Thus  a shock  wave  In;  general  will  catch 
up  to  another  shock  wave  even  If  the  velocity  of  the  trail- 
ing shock  relative  to  the  sound  velocity  in  the  medium  In 
which  it  is  traveling  is  less  than  the  relative  velocity  ©f 
the  leading  shock  front.  In  other  words,,  a shock  of  less 


2 


•NAVGRD  Report  2909 


strength  can  overtake  pne  of  greater  strength-  simply  be- 
cause the  value  of  c in  the  medium  behind  the  latter  is 
so  greatly  increased  by  the  passage  of  the  shock. 


EXPERIMENTAL  PROCEDURE 

8.  The  shock  wave  produced  in  air  by  a one  pound  spher*? 
leal  pentOlite  charge,  has  been  well  established  by  a num- 
ber of  investigators  (reference  (b ) ) so  that  the  multiple 
shocks  produced  by  two  charges  can  be  easily  identified 
and  the  data  can  be  analyzed  in-  terms-  of  known  shock  wave 
parameters..  By  this  it  is  meant  that  the  identity  of  a 
shock  wave  that  has  not  been  affected  by  another  shock  can 
be  correlated  with  the  charge  It  came  from'  by  measuring 
Its  parameters. 
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Pig,  1 <=  plan  of  Experimental  Set  up 


9 o To  measure  the  shock  waves  emanating  from  two  charges 
six  tourmaline  pie zo»e lee trie  gages  were  placed  at  six' 
distances  in  a line  with  the  two  charges  as  shown  in  Fig.  1. 
Gages  and  charges  were  located  in  a horizontal  nlane  12  ft 
above  the  ground  to  delay  ground  reflections  until  the 
entire  positive  phase  of  the  incident  shock  was  recorded. 


10 o The  signals  from  the  gages  were  led  back  to  the  record- 
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ing  equipment  by  250  ft  of  cable  and  were  then  amplified 
and  impressed  on  the  deflection  plates  of  a cathode  ray 
tubes  The  resulting  deflection  of  the  cathode  ray  spot 
was  recorded  on  35  min  film  as  a function  of  time  by  a ro-* 
tating  drum  camera ....  Conventional  techniques  of  piezo- 
electric pressure  measurements}  were  used,  reference  (c). 
Rectangular  baffles  having  a length  twenty-four  times  the 
thickness  surrounded  the  gages  to  minimise  the  difficulty 
occurring  as  a result  of  flow  which  causes  the  pressure  T 
eh  the  gage  to  be  somewhat  less:  than  the  free  -field  pressure. 

11.  Charge  #2  was  fired  first,  then  charge  #1  after  a 
known  delay.  The  time  delay  for  firing  was  recorded  as 
short  duration  pips  on  the  same  film  trace  as  the  pressures 
time  curves  by  utilizing  the  surge  current  going  into  the 
electric  detonators  to  generate  a voltage  for  this  record- 
ing, Pig.  2.. 

12.  The  method  used  to  carry  on  this  Investigation  was 
to  fix  a charge  separation  of  0,  1,  2-,,  and  3 ft  and  fire 
the  two  charges  at  time  differehces  from  6 on  up  until 
the  twO  shocks  no  longer  were  reacting  In  any  way  with 
each  other.  This  program  was  exploratory  in  natures  only 
two  shots  of  each  experimental  condition  were  made . 

13.  Measurements  were  made  of  pressure,  positive  impulse 
and  positive  duration  of  shock  waves  that  were  caught  up 
arid  ©f  those  that  Were  in  the  process  of  overtaking  each 
other.  In  order  to  fire  chax^ges  /at  0 separation  and  at 
different  times  the  charges  were  placed  2 ft  apart  at  right 
angles  to  the  gage  line.  Each  charge  was  then  at  approxi- 
mately the  same  radial  distance  rfoin  each  3f  the  gages, 
giving  the  desired  effect,  of  zero  charge  separationi 

14.  Single  one  pound  charges  were  fired  and  the  parameters 

of  peak  pressure,  positive  impulse  and  positive  duration 
were  read  and  compared  with  the  accepted  values  to  estab- 
lish the  validity  of  the  gage  calibration  and  recording 
systems-.  _ . 

15*  Two  one  pound  charges  were:  tied  together  and  fired 
as  a single  charge.  The  results  of  these  firings  were 
compared  to  the  two  pound  blast  data,  as  determined  from 
the  sealing  laws  and  the  one  pound  accepted  experimental 
values.  Some  discrepancy  is  to  ho  expected  because-  of" ' 
charge  shape  not  being  spherical. 

16.  All  charges  used  in  the  series  of  experiments  described 
in  this  report  Were  470  grams  of  cast  spherical  50/30  pento- 
lite  centrally  initiated  with  an  engineer  special  Electric 
detonator . 
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It.  The  effect  of  gage  sis©  on  peak  pressure  was  neglected. 

This  amounts  oh  the  average  to  a 5 per  cent  error  making  the 
peak  pressure  read  low.  The  effect  of  the  charges,  being  3 
per  cent  heavier  than  one  pound  on  the  average  was  also  neglected. 
This  tended  to  compensate  for  the  effect  Of  neglecting  gage 
size  errors.  Since  only  two  shots  were  fired;  in  any  one  situar 
t-ion  errors  caused  by  neglecting  these  f actors  were'  small  com- 
pared; to  the.  normal  scatter  in  this  kind  of  work. 

18.  Tables  I through  IV  are  tabulations  of  the  experimental 
data  in  these  series  of  experiments  and  are  self-explanatory . 


ANALYSIS  OF  DATA 

19,  Figure  3 shows:  graphs  of  the  percentage  of  the  trailing 
shock's  normal  peak  pressure  value  that  resulted  when  it 
propagates  into  the  positive  phase  of  the  leading  shock.  By 
normal  peak  pressure  value  is  mean  ;Ue  it  would,  have 

in  undisturbed  air.  This  percentage  is  plotted  as  a function 
of  the  ambient  pressure  in  the  leading  shock  at  the  instant  of 
arrival  of  the  trailing  shock  front  and  also  as  a function  of 
this  ambient  pressure  expressed  as  a percentage  of  the  peak 
pressure  in  the  leading  shock.  From,  the  graphs  it  can  be  seen 
that  in  general  the  loss  of  peak  pressure  in  the  trailing  shock 
increases  as  the  trailing  shock  enters  a higher  pressure  region. 
At  the  8.B0  j 1.3  •8-0  j 20.00  and  35  • 3©  ft  .gage  positions.-  when  'the. 
shocks  are  completely  caught  up  the  reduction  in  the  normal 
free  air  peak,  pressure  in  the  trailing  shock  averages  61  per 
cent  with  a range  of  58  to  63  per  cent.  Thus  the  final  pres- 
sure loss  figure  of  the  trailing  shock  is  not  vejry  dependent 

on  the  pressure  level  or  the  leading  shock  or  the  trailing 
shock.  The  numbers  next  to  points  on  the  graphs.  Fig.  3,  repre- 
sent the  distance  in  feet  between  the  charges  wh^n  fired.  The 
larger  this  distance  the  greater  the  difference  in  pressure  of 
the  two  shocks.  The  method  used  to  determine  this  peak  pres- 
sure loss  is  as  follows.  The  leading  shock’s  pressure  is 
determined  from  known  pressure-di stance  data  thus  establish- 
ing' a pressure  scale  (psl  per  inch  of  deflection)  for  the 
pressure-time  record 1 using  this  pressure  scale  the  pressure 
in  the  trailing  shock  is  'determined.  Fig.  3/  This  pressure 
is  then  compared  with  the  pressure  this  shock  would  have  had 
had  it  not  interacted  With  the  leading  shock.  The  pressure 
the  trailing  shock  would  normally  have  had  was  taken  from 
known  pressure-distance  data  for  these  charges,  reference  (a). 
Thus  it  can  be  seen  that  the  percentage  loss  in  pressure  has 
been  derived  without  the  aid  of  the  calibration  constant  of 
& tourmaline  pressure  gage. 
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20.  When  >&  single  charge  of  twice  the  weight  of  one  of 
these  charges  is  fired,,  the  pressure  can  be  predicted 
from  the  scaling  law  which  states t 


where  Pg  equals  the  peak  pressure 

f is  some  function  of  pressure 
R is  radial  distance  from,  charge 
W is  the  weight  of  the  charge. 


A form  of  this  equation  that  fits  experimental  pressure- 
distance  curves  reasonably  well  is  as  follows: 


/\  is  reduced  distance  "■ r T/r 
A is  a constant 

dP 

n is  the  slope  3^  * 


Thus  if  we  wish  to  know  how  much  larger  the  pressure  is 
from'  a larger  charge  of  Ids  compared  to  a si^iler  charge 

of  lbs,  we  write  the  following  ratio  down: 
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make  R1  ■ Rg  » R arid  adjust  Wi*  and  suck  that  the  value  of 

and  h remain  unchanged. 

1 - 2 ' “ ' ' ' “ 


Po 

Solve  for  _£: 

*T : 


and  drop  prime# . 


Equation  (1)  is  an  ©sprees Ion  for  relative  pressure  at  a 
given  distance  for  two  different  weights  of  explosive . 


21.  The  table  below  gives  the  ratio  of  pressure  one  obtains 
from  two  pounds  of  charge  relative  to  a one  pound  charge  as 
a function  of  distance . 


22.  These  values  were  calculated  using  equation  (I)  and  a 
value  of  n as  measured  fro®  the  accepted  pres sure •distance 
curves  * If  we  imagine  this  relative  pressure  ratio  to  con- 
sist  of  the  pressure  from  two  one -pound  charges  and  one  of 
these  charges  contributed  Its  normal  free -air  pressure*,  as 
is  the  case  for  the  leading  shook*  and  the  other  contributed 
a fraction  of  it#  normal  pressure,  as  the  trailing  shock/ 
wf  find  that  th#  f^aetipn  of  the  relative  pressure  ratio 
above  one  is  analogous  to  the  fraction  of  the  normal  free-air 
peak  pressure  of  a trailing  shock  added  to  a leading  shock 
after  catch  up.  Experimental  values  fer  overtaking  shocks 
are  tabulated  in  accordance  with  the  analogy  as  described. 


23,  The  experimental  data  in  the  table  below  were  obtained  by  con- 
sidering the  fraction  of  the  trailing  shock's  undisturbed  peak 
pressure  value  added  on  to  the  leading  shock.  Thus  for  mul- 
tiple shocks  to  ©©sabine  in  such  a way  as  to  in®r«ase  the  peak 
pressure  over  a unit  charge  of  equivalent  weight  ,,  the  trail- 
ing shock  would  have  to  add  more  than  say  56  per  cent  of  its 
free  air  value  to  the  leading  shock  at  the  8.80  ft  distanee. 


R feet 


Sxparisjeatal  Data 

Equation  (1)  1 «*,  fraction  of  trail - 

P0  * \ n ing  shock*#  normal  peak 

tJL  • 2 J pressure  added  to  lead- 

rl  v • ing  shock 
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Looking  at  the  above  table  one  sees  that  by  combining  shocks 
from  two  1-pound  charges  fired  separately,  no  real  difference 
in  final  shock  wave  pressure  is  obtained  than  if  /a  single 
2-pound  charge  were  fired.  ' * 

24.  Thus  from  this  data,  charges  fired  separately  cannot 
enhance  the  blast  wave  over  a single  charge  of  the  same  col- 
lective weight;  and  in  fac4  the  biast  is  reduced  if  analyzed 
on  the  basis  that  the  charge  distance  was  that  from  the  near-, 
est  charge.  . This  is  borne  put  in  the  pre s sure -di s tanc e graph.. 
Pig.  4 for  a 2-pound  charge  and  for  the  various  multiple 
charge  shots  studied  after  catch  up. 

25.  The  positive  duration  of  all  the  fully  Combined  shocks 
showed  one  interesting  property.  The  positive  duration  of 
the  combined  shocks  is  no  larger  than  the  largest  positive 
duration  in  undisturbed  air  of  either  of  the  two  shock  waves. 

Up  to  distances  of  16  ft  from  the  nearest  charge.  Beyond 

16  ft  positive  duration  seems  to  increase  and  at  35  ft  it 
looks  similar  to  what  would  be  produced  by  2 pounds  of  cnarge. 
See  Fig.  5 in  which  positive  duration  of  combined  shocks  is 
plotted  against  distance  from  the  further  Charge. 

26.  The  duration  of  shocks  initially  In  the  far  Mach  region 
exhibits  this  same  behavior.  That  is,  although  two  nearly 
equal  shocks  have  combined  (charge  and  image  charge ),  the 
incident  and  reflected,  duration  of  the  combination  appears 
no  larger  than  that  for  one  of  the  shocks.  There  is  the 
tendency  for  the  duration  of  the  Mach  shock  at  large  distances 
to  look  like  that  of  a shock  produced  by  twice  the  weight  of 
charge,.,  _ This,  -.duration  .effect  wag obs  ei^Ad.  j-n  the  -film-  records 
from  reference  (d) . The  reason  for  the  delay  in  increasing  the 
duration  over  the  single  charge  duration  is  probably  because 
the  shock  front  velocity  is  increased  only  after  the  shocks 
have  caught  up » -The  point  in  space1  where  the  pressure  in-  the.' 
shock  has  decayed  to  atmospheric,  travels  with  the  speed  of 
sound  and  the  shock  front  needs  time  to  make  its  slightly 
greater  velocity  account  for  an  increase  in  positive  duration, 
whereas  in  a single  charge  of  twice  the  weight  the  initially 
faster  shock  velocity  has  more  time  to  get  ahead  of  the  cross- 
over point  resulting  in  a wave  of  longer  duration. 

27.  Since  the  duration  of  the  shocks  from  multiple  charges 
shows  no  enhancement  over  that  of  the  shock  from  a single 
charge  and  since  the  peak  pressure  of  the  multiple  shocks 
shows  no  enhancement  over  the  shock  from  a single  charge 
then  it  is  quite  reasonable  to  expect  that  the  impulse, 

If  (t)dt,  will  show  no  enhancement  barring  any  change  in  rate 
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of  the  pressure  decay  with  time.  As  can  be  seen  in  Pig.  6, 
this  is  borne  out  by  the  data.  The  two  1 -pound  charges 
fired  at-  separated  points  produced  impulses  after  catch 
up  that  were  less  than  if  the  two  1 -pound  charges  were  fired 
together  at  the  nearer  distance.  Furthermore  the,  larger  the 
charge  separation  the  less  was  the.  positive  impulse  of  the 
combined  sho4k^  which  Is  what  could  reasonably  be  expected. 

28.  It  is  to  be  noted  that  the  conclusions  arrived  at  in 
this  import  hold  only  for  overtaking  shock  waves.  These  re-* 
sults  should  not  be  applied  to  colliding  ehocks . 
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TABLE  I 


Peak  Pressure  (psi)  of  combined  Shocks  (Charges  0*  apart)* 


distance 

ft 

Shot  # 


4 .40  8.80  13.80  35.30 


51- 

m 

56 

57 

72.11 

17,96 

7.83 

1.38 
1.60 
1 .48 
1.65 

58 

60 .38 

17.50 

7.11 

• 1.51 

Average 

66.25 

17.73 

7.47 

1.62 

Time  De- 
lay KS.  _ , 

1.61 

3.91 

1.0 


♦Each  Charge  is  the  same  distance  from  gages  but  sepa- 
rated 2*  apart  at  right  angles  to  gage  line  in  order 
to  fire  the  two  charges  at  separate  times. 


Peak  Pressure  (psi)  of  combined  Shocks  (Charges  1*  apart) 
Distance  " ' ' “ “ ’ ""  " ' firing 


ft 

Shot  #_ 

4.40 

6.30 

8 .80 

13.80 

35.30 

Time  De- 

lay  tno 

5: 

7.65 

1.37 

* 

6 

7.10 

1.73 

* 

7 

7.10 

1.49 

#- 

8 

51.29 

24.94 

13.06 

_ 6.68 

1..4i 

# 

.r» 

54.61 

22.02 

13.76 

6.38 

1.40 

« 

10 

64.91 

29.19 

13.25 

6.54 

1.46 

•» 

11 

3Q.K 

18.06 

9.73 

7.09 

1.48 

* 

IB 

1.50 

0.69 

14 

' 1.55 

0.74 

Average 

52.49 

23.55 

12.45 

6.93 

1.49 

♦Not  measured,. 
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Peak  Pressure 


TABLE  I 

of  Combined  Shocks  (Charges  2*  apart) 


Distance 

- 

13.80 

Firing” 

ft  4 .40 

6.30 

a.  so 

35=3-0: 

?i*e  1he-s> 

Shot  # 

_ _ _ 



,,  , 

lay  m 

1*5 

1.33 

i .06 

li 

46.07 

24.45 

11.66 

5.69 

1.35 

i.io 

17 

56.10 

23.46 

12.12 

5.99 

1.36 

1 .13 

18 

/\Q 
O.J.  ,,cu 

AA.  '.AT  - 

ey.Ti 

14.69 

■ 7.06 

1.63 

1.84 

21 

5.81 

1 .53 

3.66 

22 

7.16 

1 rrS5 

23 

1 .70 

2.94 

24 

6.59 

1=50 

2.84 

25 

- 

22.72 

13.53 

1.57 

2.16 

26 

29 

45.14 

17.47 

11.91 

6.74 

1.59 

1.46 

3.99 

1.13 

Average 

52.14 

23.56 

12.78 

6.58 

1.50 

Peak  Pressure  (psi 

L)  of  Combined 

Shocks  (charges  3 5 

apart ) 

Distance 

8i.8o 

■' 

. 

Sirin* 

■ 

ft  4.40 

13.80 

35. 3P 

Time  De 

Shot  # 

, 

lay  MS 

■ _ . 'i 

' ‘‘l  J-UM" 

31 

36 

37 

If 

41 

42 

43 

44 

45 

46 

47 

48 
50 

Average 


49.14 

11 .32 

5.65 

45.72 

11.60 

5.77 

12.35 

5.91 

13.95 

6.98 

14 .66 

8.30 

- 

7.37 

47.43. 

12.78 

6M 

1.27 

1.26 

1.38 
1.47 

1.39 
1.35 

1.55 
1.59 
1.33 

bn 

X ,w 

1.51 

1.56 

1.56 

1.57 

1 .44 


1 


14 
1.04 
0.75 
0.66 
1.00 
1.02 
1.30 

1.32 
1.64 

2.32 

•Q8 
t .02 
4.58 
5.18 
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TABLE  II 


Positive  Impulse  (psi-ms ) Combined  shocks  (.Charges  0*  apart)* 


D'isf&nee 

ft 

Shot  # 

4.40 

. . 8.80 

. 13.30  . 

33.30 

'Firing  Time 
Delay 
MS/ 

51 

55 

56 

57 

19.68 

13.08 . 

7.07  3.13 

2.66 
2.70 
2.62 

1.61 

3.91 

58 

9.93 

6.82 

2.50 

1.0 

Average 

19.68 

11 .50 

7.44 

2,72 

♦Each  charge  is  same  distance  from  gages  but  sepa- 
rated by  2*  in  a direction  at  right  angles  to  gage 
line  in  order  to  fire  the  two  charges  at  separate 
times . - - 


positive 

Impulse  (psi^ms)  Combined  Shocks 

(Charges  1:*  apart) 

Distance 

ft 

Shot  # . ; 

4.40  6.30 

8.80.. 

13.80 

,35.30 

5.  - 

6 

7 

8 
9 

10 

11 

16.96  12 .02 
16.66  11.50 
17.22  12.24 
14.78  . 

8.34 

9.13 

8.90 

10.00 

o h 

7 >31 
7.19 
6.39 
6.35 
6 .27 
6.74 

0 0/3  _ 

5!  §2 

2.51 

2.33 

2/15 

2.4-8: 

2.02 

Average 

16.39  11.92 

9.  0? 

6.66 

2.36 
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TABLE  II 

positive  Impulse  (pal -ms)  Combined  Shocks  (Charges  2,*  apart) 


Distance 

ft 


Shot  # 

4.  Ad 

- 6.30 

8.80 

13*80 

If 

16 

■ 13.17 

10.  A3 

7.90 

5.55 

if 

11.72 

7.64 

5.93 

18 

21 

22 

23 

2* 

16.07 

11 .72 

9.95 

tC  <tO 

W.«u 

7.06 

25 

26 

9.60 

8,96 

6.69 

29 

13.02 

10.68 

9.04 

6.56 

Average 

13.50 

10.66 

8.70 

6.43 

ffr£i£”"" 
ripe’  D«-* 


35^L__ 

. lay  SS- 

2*42 

li06 

243 

1.10 

- 

143 

<•  ftl. 

x,«.o* 

2c88 

3.65 

O Gli 

—w-jr-r 

2.94 

2.44 

2.84 

2.74 

246 

2.72 

3o99: 

2.41 

143 

2.58 

Positive  Impulse  ( psi »ws ) Combined  Shooks  (Charges  3*  apart) 


ISITtanee 


Shot  # 


i V 


4.40  a.  80  13  Jo  , 35,30 


firing 
Time  pc- 


<s*». 

Jl 

39 

__ 

- ^ - - - - 

■ — — 

Si 

42 

14.19 

8.08 

SI 

13.32 

8.66 

44 

1 

17.35 

. 8.46 

4.5 

7 ,88  — 

.10.02 

47 

48 

' 

50 

* 

•542- 

5Al 


Average 


14.94 


6,22 


2,4:5 

0.66 

2.33 

1 ,00 

2*77 

1.3©- 

2.54 

1.32 

2.54 

1.64 

2.22 

2.32 

2.45 

2.44 

3.88 

2.36 

4,02 

, 2,42 

4.58 

2.50 

5.18 

2.45 

8.62 
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TABLE  III 


Mean  Experimental  Values  of  Positive  Duration  {*Y  ) , ms, 
vs  Distance  from  Further  Charge  for 
Combined  Shocks 


Distance 
. ft  . 

’ V : . 

5.40 

1,11 

' * 

6,40 

1.08 

7.30 

1,44 

7 ,40 

1 .22 

8,30 

1.45 

9.30 

1 .46** 

9,80 

1.85 

* 

IO..30 

1.88 

11.80 

2 ,09  ’ 

14.80 

2.50 

15.80 

3.06 

16.80 

2.60 

21 ,00 

3.01 

23.00 

3-iQ*  ■ 

V ~ 36.3 

3.74 

37.3 

4.05 

38.3 

4.25 

Typical  Examples 

of  scatter  in  Mean  values 

' T^ated 

1.  J.rv  Main-  . ^ 

* 

#* 

3,18  ' 

1.36 

3,21 

1 M 

3.04 

1.56 

3.32 

1.51 

3.35 

■ ' • 

..  3.05 

Mean  1,46 

- 

Mean  3.19 


e 
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TABLE  IV 

BLAST  BATA  PGR  CONTROL,  SHOTS 

,1  Peak  Pressures  / V f*m»  X a nr?  o,  wflunfSa 


Experimental  Peak  Pressures  (««A 

of  Pentolite 


4 *40-  6.30 


8. SO 


13.80 


(1 

CA  AC 

?r  *y,p- 

20.84 

9.13 

4,96 

1.14 

1 ib  ( 2 

48.54 

9.94 

4.91 

1.12 

Average 

49*74 

20.84 

9.54 

4.94 

1.13 

(3 

49*98 

.23„28 

12*75 

6.95 

1 *68 

2 lb  (4 

50*50 

13.57  . 

o.G2 

1.7-4 

Average 

50.50 

23,28 

13.16 

6.49 

1.71 

Experimental  Positive  Impulse®  (psi-ms ) fer  1 and  2 
pounds  of  Pent oil ta 


Shot  # 
(1 

1 lb  (2 
Average 


4,40 


10.71 

ii.84 


6,30 

9,27 


6.59 


4.54 

4 *.60 


2 lb  (4 
Average 


POSITIVE  DURATION  (MS ) CONTROL-  SHOTS 


.Stance 

ft 


1 lb  (g 

Average 

2 lb 


0*86 

0*84 

0.85 

1.25 

1*07 


6.30  8.80 


1.35 

1.35 


1.86 

1.75 

1.81 

2*27 

2.34 


*»-».  fin 

ij  © W w 


2.27 

2.26 

2.27 

2.81 

2,81 


1 .60 

i.*6i 


11.28 

9.27 

6,46 

*.57 

1,0.61 

16.37 

13.42 

11 .02 

8.00 

2.88 

11 .75 

8.20 

2.066- 

16.37 

13.42 

11*38 

aao 

2*77 

2.50 

2.68 

2.59 

3 .14 

2.92 


2.31 
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TIME  mAn  Kuo 

FOR  FIRING, 
CHARGE  #2 


LEADING 
SHOCK 


TIME  MARKER 

V FOR  FIRING, 

V CHARGE  #1 


\ 


SHOCK 


GROUND 

REFLECTIONS 


MILLISECOND 

Timing  marks 


SHOCK  WAVES  IN  OVERTAKING  PROQESS 

CHARGE  SEPARATION  3 FEET 

FIRING  TIME  DIFFERENCE  4,52  MS 

CHARGE  #1  TO  GAGE  DISTANCE  20.00  FEET 


TWO  SHOCK  WAVES  COMBINED 

CHARGE  SEPARATION  3 FEET 
FIRING  TIME  DIFFERENCE,  4.02  MS 
CHARGE#!  TO  GAGE  DISTANCE  20.00  FEET 


r hj.  'c. 

TYPICAL  RECORDS 


'C1 
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PEAK  PRESSURE  IN  TRAILING  SHOCK  IN  PERCENT  OF  ITS  UNDISTURBED  VALUE 
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150 
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5.0 
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SHOOK 


-2  O'  2 4 
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0 10  20 
AMBIENT  PRESSURE  IN  % OF  PEAK  PRESSURE  IN 


LEADING  SHOCK 


150 

100 

50 


, .... 

EF6.3  FT 

Is; 

r '*  * , 3 3- 

^5  a * ( 

© 

a 2 3 

,s  i 

_L — L -L- 

P^AK 

PRESSURE 

IN 

TRAILING 

SHOOK 


AMBIENT 
PRESSURE 
IN  FRONT 

TRAILING 

SHOCK 


DIRECTION 
OF  ' 

PROPAGATION 


0 2 ~4  ' 6 8 

AMBIENT  PRESSURE  IN  FRONT  OF  TRAILING  SHOCK  (PSD 

■n 


■i-_: 

0 

AMBIENT 


150 

100 

50 

0 


100 


TO  20  30  40  50 

PRESSURE  IN  % OF  PEAK, (PRESSURE  IN 
— —LEADING  SHOCK- 
ED 8:80  FT 

5 


PRESSURE t TIME 
CURVE  ILLUSTRATING 
TERMINOLOGY 
ON  GRAPHS 


0 


i 

0 


50 
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10 
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TRAILING  SHOCK  FOR  VARIOUS  GAGE  TO 

^UAO/>g’  p»ier..vM/>r 
v»nMr\V3C.  UIOIMI^UC. 


PEAK  PRESSURE  (PSI) 
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FIG.  4 PEAK  PRESSURE  VS  DISTANCE.  FROM  NEAREST  CHARGE 


SOi 


6.o;i 


40 


20 


10 


m 


2\ 


nf 

X 


ACCEPTED  CURVE  FOR 
ONE  POUND  PENTQLI TE 


'CURVE  FOR  TWO  POUNDS  OF 
PENTOLITE  DERIVED  FROM  THE 
ACCEPTED.  ONE  POUND  CURVE  AND 
SCALING  LAW 


I 


RANGE  IN  WHICH  THE  MEAN1  VALUES 


CATCH  UP  FOR  1 , 2 AND  3 FOOT 
CHARGE  SEPARATIONS 

© EXPERIMENTAL  PEAK  PRESSURE  VALUES 
FROM  2 ONE  POUND  SPHERES  OF  FENtO- 

, Lite;  tied  together  (mean  of  two 

VALUES). 

X EXPERIMENTAL  PEAK  PRESSURE  VALUES 
FROM  A ONE  POUND  SPHERE  OF  PENTGLITE 
‘ (MEAN  OF  TWO  VALUES) 

A MEAN  VALUE  OF  PEAK  PRESSURE  AFTER  CATCH  UP 
FROM  2 ONE  POUND  SPHERES  LOCATED  AT  THE  SAME 
RADI  AL- DI  STANCE  AND  FIRED  AT.  DIFFERENT  TIMES 
(0!  CHARGE  SEPARATION) 


_L 


2 4 6 8 10  20 

DISTANCE  FROM  NEAREST  CHARGE  (FEET) 


30 


40 


IS 


POSITIVE  DURATION  (MS) 
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FIG.  5 DURATION  OF  THE  POSITIVE  PHASE 


CukVjs  tiat'RaaiiiKTS  ra£  ACCEPTED  VALUE  OF  POSITIVE  DURATION  FOE 
1 POUND  OF  SPHERICAL  PENTOLXTE 

X REPRESENTS  MEAN  VALUE  OF  POSITIVE  DURATION  FROM  2 ONE  POUND 
CHARGES  OF  PSNTOLITE  (AFTER  SHOCKS  HAVE  COMBINED)  PLOTTED 

at  the  di Stance  of  the  further  charge 

0 EXPERIMENTAL  VALUES  OF  POSITIVE  DURATION  FOR  ONE  POUND  OF 
PENTOLXTE  (MEAN  OF  TWO  VALUES) 
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T RANGE  IN  WHICH  ’THE  MEAN  VALUES  OF  POSITIVE  IMPULSE  FALL  AFTER 
CATCH  UP  FOR  t,  2 AND  3 FOOT  CHARGE  SEPARATIONS 

'-^nr  — ^ — ~ y -*rn 'JSi,  ~ SOiw  X BlST^  w A i iS  POUND  SPHERES- 

OF  PENTQMTE  TIED  TOGETHER  (MEAN  OF  TWO  VALUES) 

X EXPERIMENTAL  POSITIVE  IMPULSE  VALUES  FROM  A ONE  POUND  SPHERE  OF 
PENTOLITE  (MEAN  OF  TWO  VALUES) 


A MEAN  VALUE  OF  POSITIVE  IMPULSE  AFTER  CATCH  UP  FROM  2 ONE  POUND 
SPHERES  LOCATED  AT  THE  SAME  RADIAL  DISTANCE  AND  FIRED  AT  DIFFERENT 
TIMES  (O’ CHARGE  SEPARATION) 


; 

I 


FIG.  6 POSITIVE  IMPULSE  VS  DISTANCE  FROM  NEAREST  CHARGE 
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